ABSTRACT: Mediterranean marine biodiversity is undergoing a tropicalization process. We present the first record and spread dynamics of the tropical green seaweed Halimeda incrassata (Bryopsidales, Chlorophyta) from the Mediterranean Sea. Plants were observed at 2 sites off Mallorca island (NW Mediterranean), and species identification was confirmed molecularly. Since the first observation of this alien seaweed in 2011, it has spread rapidly in the shallow subtidal habitat of a marine protected area located in Palma Bay, which has a depth of up to ca. 20 m. By 2015, this species spread by a factor of 6.75 and extended to an area of 2.7 km 2 , covering a total of 41% of the monitored area. The dynamics of the invasion suggest rapid colonization and establishment and spreading of the species through shallow sedimentary and rocky habitats. H. incrassata has the potential to strongly alter the ecosystem services and functioning of shallow Mediterranean habitats. We encourage authorities to pay attention to the spread of this alien seaweed at larger scales and determine the positive and negative effects of the invasion in order to facilitate research-driven decision making.
INTRODUCTION
Redistribution of species ranges across the globe has dramatically increased in the last century (García Molinos et al. 2016) . Marine ecosystems are particularly vulnerable to the arrival of new species, with rates of spread of marine organisms being over an order of magnitude higher than for terrestrial species (Poloczanska et al. 2013) . Global warming and shipping activities are facilitating the tropicalization of temperate marine communities by promoting the range expansions of tropical species to higher latitudes (Vergés et al. 2014) and by enhancing the introduction, invasion and spread of non-native species (Rius et al. 2014) .
The Mediterranean Sea is a global hotspot of marine species invasions . Many nonnative species of tropical origin have colonized this sea, leading to a tropicalization of its biodiversity (Bianchi 2007 , Zenetos et al. 2010 . Introduction of invasive seaweeds, such as Caulerpa taxifolia (M. Vahl) C. Agardh, are prime examples of tropical nonnative species that have raised scientific and public awareness of the potential dangers to native Mediterranean biodiversity (Hoffman 2014) .
Halimeda incrassata (J. Ellis) J. V. Lamouroux is one of the most common species of the genus Halimeda growing on tropical sandy-bottom habitats (Ver bruggen et al. 2006) . H. incrassata beds are major producers of organic matter and calcium carbonate (CaCO 3 ) in tropical areas and contribute notably to ecosystem functioning by generating sediment habitat harbouring organisms that are a food source for fish from the surrounding ecosystems, including mangroves, seagrass beds and sand-patches on outer reef slopes (Wefer 1980 , Verbruggen et al. 2006 .
H. incrassata is naturally distributed in the tropical western Atlantic and Indo-Pacific Oceans (Guiry & Guiry 2016 ). In 2005 it was reported for the first time on the island of Madeira (NE Atlantic) (Wirtz & Kaufmann 2005) . The goals of this paper are to report the first record of this species from the Mediterranean Sea and describe its spread dynamics. We use a combination of morphological observations and a molecular study to establish the identity of the species as well as habitat surveys to map its new distribution. We discuss plausible introduction mechanisms, potential positive and negative effects of the invasion, and which decision-making actions should be considered.
MATERIALS AND METHODS

First records and identification of
Halimeda incrassata
The Marine Protected Area of Palma Bay (MPAPB) is located along the south-western shore of Mallorca island (NW Mediterranean, Fig. 1A ). This nature reserve, established in 1982, covers an open water area which extends from the shore to a depth of 30 m (Alós & Arlinghaus 2013) . It is dominated by a mixture of Posidonia oceanica seagrass beds and rocky and sedimentary habitats (Fig. 1C) . In 2011, we detected the presence of H. incrassata in 2 sites of the MPAPB while using scuba: Cala Blava (CB; Fig. 1A ) and in a shallow zone in the south part of the MPAPB, where fishing with some restrictions is permitted (partial MPA) and a popular recreational fishery of the pearly razorfish Xyrichtys novacula is practiced (Fig. 1B ,C and see Alós et al. 2012 ). In addition, we also found H. incrassata in 2014 at the western part of Palma Bay, in Portal Vells (PV), where depths ranged between ca. 1 and 7 m (Fig. 1A) .
Representative specimens from the MPAPB (Fig. 1A ) were collected in 2014, preserved in 96% ethanol and identified based on external appearance, anatomical observations and DNA sequencing. Morphological features were compared to those published in Hillis-Colinvaux (1980) and Verbruggen et al. (2006) . DNA extraction and amplification of the tufA gene of the individuals was carried out following Cremen et al. (2016) . Sequences were compared to established datasets of reference sequences (Verbruggen et al. 2009 ). Sequences of available Halimeda species were clustered with UPGMA in Geneious v.8.0.4 using a Hasegawa-Kishino-Yano model of sequence evolution.
Temporal dynamics of the invasion in the MPAPB
Several underwater video cameras were deployed every August from 2011 to 2015 in a different number of randomly generated geographic points within a monitored area of the MPAPB (Table 1 , Fig. 1B ) in order to measure the distribution of Halimeda incrassata (Fig. 1B ). Videos were analysed, and the presence or absence of H. incrassata was recorded at each geographic point/coordinate (latitude and longitude) surveyed. The distribution of H. incrassata and its area of invasion within the monitored area (6.4 km 2 ; Fig. 1C ) were estimated using spatial analysis tools. We first assessed the spatial autocorrelation of the data using Moran's I autocorrelation index (Table 1) . Results demonstrated that data were spatially autocorrelated (Table 1) . To estimate the total extension (in km 2 ) invaded each year, we therefore used conventional linear interpolation (ordinary kriging) based in a grid of cells of 50 × 50 m to predict the presence or absence of H. incrassata at the monitored site (Table 1 ). All analyses were performed in R (R Core Team 2015).
RESULTS
Morphological and molecular results conclusively
show that the new alien species found in Palma Bay is Halimeda incrassata. Plants are erect and up to 10 cm high and composed of grass-green segments (Figs. 1B & 2A) . The great majority of seg-ments are flat and are diamondshaped or round. Segment dimensions are 2.1− 4.5 mm in width and 2.1−3.7 mm in height and vary from being slightly narrower than they are high to being nearly 1.5× wider than they are high. Cylindrical segments and larger tri-lobed segments are present near the base of the plant. Medullar siphons fuse into a single unit at the nodes, with pores connecting adjacent siphons. The cortex is composed of 2 (rarely 3) layers of utricles ( (Fig. 2C) . Since the first observations in 2011 and proper identification in 2015 of H. incrassata in the MPAPB, in August of 2015 (the last time we visited the CB site), we have observed many beds composed of this species in CB while snorkelling (Fig. S1 in the Supplement at www. int-res. com/ articles/ suppl/ m558 p153 _ supp. pdf). Analysis of the spread of H. incrassata, based on underwater videography, demonstrated the rapid colonization and fast spread of this alien species (Table 1, Fig. 1B,C) and indicated that it has become invasive. In 2011, 0.4 km 2 of the total monitored area of 6.4 km 2 was invaded, i.e. 6.2% of the total area covered (Table 1) . By 2015, H. incrassata covered 41% of the monitored zone, occupying most of the fine-grain sand of the area (Fig. 1B,C , Table 1 ). The overall invaded area has not changed much since 2013 (Fig. 1C) , which suggests a rapid colonization of the fine-grain sand available habitat, while no dispersal to the deeper (> 20 m depth) and medium-grain sand habitats was observed afterwards. These results, plus the images collected in CB (Fig. S1) , suggest that most of the shallow waters of the MPAPB are probably invaded by this tropical species. . Small segments have been also observed in the population described from Madeira Island (Wirtz & Kaufmann 2005) . Molecular results confirmed that the new invasive species is H. incrassata. The oligotrophic waters of Mallorca island have probably facilitated the invasion of H. incrassata in the Mediterranean Sea, and it is expected that this species will spread due to global warming and the absence of its specific native consumers, i.e. the main known predator Sparisoma radians (Targett et al. 1986 ) is not present in the Mediterranean.
DISCUSSION
Plausible pathways of the introduction of H. incrassata into the Mediterranean Sea are the aquarium industry and/or shipping. H. incrassata is commonly used to decorate public and private aquaria. Therefore, the occurrence in the Mediterranean could have been due to accidental release from aquaria near the area studied. Shipping is the main vector of introduction of exotic seaweeds in the Mediterranean Sea (Zenetos et al. 2010 , Hoffman 2014 . Therefore, it is possible that H. incrassata arrived through ships that cover the route from the Caribbean to the Mediterranean. However, the introduction of the species through ballast waters of commercial ships seems unlikely, since this alga does not have planktonic spores and its gametes and zygotes are short-lived. Plants and/or fragments could have reached Mallorca attached to anchors of recreational yachts. This hypothesis would be consistent with the recent observations of H. incrassata in Madeira (Wirtz & Kaufmann 2005) . Further investigation is needed to identify the mechanism that caused this introduction. The presence of H. incrassata in the island of Mallorca is far from being anecdotal. The monitored invaded area has increased by a factor of 6.75 in 5 yr (from 0.4 km 2 in 2011 to 2.7 km 2 in 2015). However, this dynamic seems to be non-linear as spreading has decelerated (Fig. 1C) . Two main factors could explain the above phenomenon. First, deeper areas (below 20 m depth, see Fig. 1C ) with low irradiance levels and cold water may not be adequate for successful establishment of the species (Wefer 1980) . Second, the southwest part of the monitored area is covered by sediment composed of medium-sized grains, and the proper fixation of the plants in this sediment may be difficult. We need more accurate data to fully understand the exact mechanisms driving the spread of this species in Mallorca. In any case, our data suggests a great potential for fast-spreading in the shallow sedimentary habitats, which is not unexpected considering the fast growth and asexual spread of this species (Wefer 1980 , Multer 1988 , Van Tussenbroek & Van Dijk 2007 .
H. incrassata is one of the most important producers of organic matter and CaCO 3 in tropical sediments (Wefer 1980) . It forms patchy beds (Multer 1988) , has a high growth rate (Wefer 1980 , Van Tussenbroek & Van Dijk 2007 , interacts with native seagrasses (Davis & Fourqurean 2001) and is highly protected against predators (Targett et al. 1986 ). Therefore, the invasion of this species in the Mediterranean Sea threatens the structure and functioning of native ecosystems. We recommend that the impact of H. incrassata on sediment dynamics, interactions with native seaweeds and the native seagrass Posidonia oceanica, and food-web changes be studied in detail. Moreover, shallow sedimentary Mediterranean habitats provide important ecosystem services which could be impacted by this invasion. For example, the invasion could change the distribution of the pearly razorfish, which is an important recreationally exploited species (Alós et al. 2012) . Authorities are, therefore, encouraged to develop a comprehensive socio-ecological approach to this problem and take action in order to study and reduce the consequences of this invasion. The recent guidances by for proper management of alien species provide an appropriate context for developing this task. 
